Abstract. For homodimers of amino acids, their salt-bridged structures are gradually stabilized as the proton affinity of the component amino acid increases. Threonine has a proton affinity value located in the middle of the list of 20 natural amino acids. Thus, identifying whether the most stable isomer of protonated threonine dimer (Thr 2 H + ) has a charge-solvated or salt-bridged structure is important and helpful for understanding the structures of other homodimers. By combining infrared photodissociation (IRPD) spectroscopy and theoretical calculations, the structures of Thr 2 H + were investigated. Based on calculations at the M062X/6-311++G(d,p)//M062X/6-311++G(d,p) level, the most stable isomer of Thr 2 H + was computed to be a chargesolvated structure, with an energy 3.87 kcal/mol lower than the most stable saltbridged isomer. The predicted infrared spectrum is in good agreement with the experimental spectrum. To evaluate the temperature effect on the distribution of different isomers, the relative concentrations of the six isomers of Thr 2 H + were calculated at different temperatures, according to their partition functions and enthalpies.
Introduction N atural amino acids are known to be in their nonzwitterionic forms in isolation and in their zwitterionic forms in solution; thus, interactions with other molecules and ions can preferentially stabilize their zwitterionic structures. These interactions and the extent of the stabilization have been studied extensively . Combined with the soft ionization method of electrospray ionization (ESI) [24] , many experimental methods, including blackbody infrared radiative dissociation [1] , photoelectron spectroscopy [4] , and infrared photodissociation (IRPD) spectroscopy [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] , have been used to confirm the predicted structures derived from different theoretical methods. Among them, IRPD spectroscopy, especially combined with a Fourier transform ion cyclotron (FT ICR) mass spectrometer (MS), is considered to be the most powerful and convincing method and has been used widely [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] .
The stabilization of the zwitterionic form for a given molecule is affected strongly by the properties and number of surrounding molecules. Attachment of a metal cation can preferentially stabilize amino acid zwitterionic forms. Periodic effects have been discovered (i.e., the interaction between the amino acid and metal ions in the same group changes progressively with an increase in the size of the metal ion). For arginine, a transition between lithium and sodium has been shown by IRPD spectra and density functional theory (DFT) calculations [16] . However, the extent of stabilization of the amino acid zwitterionic form is also affected by the amino acid, in which its proton affinity (PA) may play a very important role. For example, Wyttenbach et al. [23] have reported a fairly linear relationship between PA and the relative zwitterionic stability for sodiated and rubidiated amino acids and amino acid analogs. However, some experimental and theoretical results of cationized lysine and analogs have also shown that PA is not a reliable indicator because of other effects caused by side chains [20] .
Currently, the most widely studied surrounding molecules and ions of amino acids are water and metal ions. Interestingly, the amino acid can affect the structure of its partner in the corresponding homodimer in the gas phase. IRPD spectra of the protonated homodimers of some amino acids have been obtained experimentally and some structures have been identified by combining with theoretical calculation [6, [9] [10] [11] [12] [13] . A few of these results are briefly summarized in Figure 1 . Among them, both Gly 2 H + and Ser 2 H + are characterized by the observation that the most stable isomers have charge-solvated structures, and experimental IRPD spectra of these two species are consistent with the predicted spectra. For Pro 2 H + , the IRPD spectrum and structures have been studied by Wu et al. [13] . The results showed that the most stable isomer of Pro 2 H + has a salt-bridged structure [13] . The structure of Lys 2 H + has also been investigated by IRPD spectroscopy and theoretical calculations [15] . By comparing the experimental IRPD spectrum obtained in the range of 1000−2000 cm −1 with the calculated spectra of the suggested isomers, Wu et al. deduced that the ions should exist mainly as charge-solvated isomers. The structure of Lys 2 H + was re-investigated by Kong using IRPD spectroscopy in the region 2700−3700 cm −1 and theoretical calculations [11] . However, some salt-bridged isomers were identified with lower energy than charge-solvated isomers previously suggested. For Arg 2 H + , no experimental IRPD spectrum has been reported, but previous calculations showed that the most stable salt-bridged isomer should be more energetically favored than the charge-solvated isomers [25] . Figure 1 shows the PAs of the corresponding amino acids [26] . The relative stability of the salt-bridged isomer to that of charge-solvated isomer was found to increase with an increasing PA value. For the 20 naturally occurring amino acids, Gly has the lowest PA value of 210.5 kcal/mol, and Ser has a slightly higher PA value of 215.2 kcal/mol. Both Gly and Ser adopt charge-solvated structures when forming their protonated homodimer. In contrast, Arg and Lys have the highest PA values of 244.8 and 235.6 kcal/mol, respectively, and Pro also has a relative high PA value of 222.1 kcal/mol. These three amino acids prefer to form salt-bridged structures. Thus, it will be interesting to ascertain the point where the salt-bridged form is favored over the charge-solvated form in the list of the 20 canonical amino acids. For example, because Thr has a PA 4.3 kcal/mol higher than Ser, but 2.6 kcal/mol lower than Pro, the question arises: which type of structure is more favored by this amino acid? To answer such a question, the structures of Thr 2 H + have been investigated by IRPD spectroscopy and theoretical calculations in the present work, and the temperature effect on the distribution of different isomers is presented.
Experimental and Theoretical Methods
Experiments were performed on a 7.0 T FT ICR mass spectrometer (IonSpec; Varian Inc., Lake Forest, CA, USA). All mass spectra were obtained in the positive ion mode. A solution of L-Thr (1 mM in 49:49:2 H 2 O:MeOH:AcOH) was sprayed at an infusion rate of 240 μL/h. A Zspray ESI source was used, with the probe biased at 3.5 kV. Ions produced by ESI were injected into an open-ended cylindrical Penning trap via an rfonly quadrupole ion guide. The precursor ions of interest were further selected by the method of stored waveform inverse Fourier transform [27] . IRPD spectra were obtained using an experimental setup described previously [11, 12] . Briefly, a commercial infrared (IR) OPO laser (Firefly-IR, M Squared, Glasgow, UK) was applied in the experiments. The IR OPO was operated in the line-narrowed mode, with an output irradiation tunable from 2700 to 4000 cm −1 and a line width of 3 cm −1
. The average IR power was 350 mW (with a repetition rate of 150 kHz) and the irradiation time (with a typical value of 4 s) was controlled using a mechanical shutter (SigmaKoki, Tokyo, Japan). The spectral intensity at each wavelength was calculated as:
where the intensities of parent ions and fragment ions were identified by I parent and I fragment , respectively. More than 40 isomers of Thr 2 H + were suggested based on the experimental IRPD spectra and previous studies describing the serine dimer [5] . Initially, these structures were optimized using the semi-empirical AM1 method. Then, 10 structures were selected, optimized, and verified by the DFT method of B3LYP/6-31G(d). The six most stable isomers were further selected and optimized at the levels of B3LYP/6-311++G(d,p) and M062X/6-311++G(d,p), respectively. All frequencies obtained at B3LYP/6-311++G(d,p) and M062X/6- [28, 29] . The electronic energy was calculated at 0 K with zero-point energy corrections and free energies were calculated at 298 K. These calculations were carried out with the Gaussian 09 program [30] .
Results and Discussion
The IRPD spectrum of Thr 2 H + in the region of 3050−3750 cm
has been reported previously by Oh et al. (Figure 2a ) [6] . This spectrum is quite similar to the IRPD spectrum of Ser 2 H + over the same region. However, the structure of Thr 2 H + has not been considered before. Here, the IRPD spectrum of Thr 2 H + was obtained over an expanded region of 2700−3750 cm −1 and the result is shown in Figure 2b . The result is in good agreement with the spectrum reported previously for the range of 3050
. The sharp peaks at 3585 and 3690 cm −1 represent the stretching modes of free carboxy and hydroxymethyl OH stretches. The weak peak at 3290 cm −1 is observed in both experimental spectra. Peaks at 2990 cm −1 have not been identified previously. The IRPD spectrum of Thr 2 H + over the region of 2850−3400 cm −1 also clearly differs from the spectrum of Ser 2 H + [9] . To better understand the peaks of the IRPD spectrum of The relative energies of these isomers are summarized in Table 1 . Based on the method of B3LYP/6-311++G(d,p)// B3LYP/6-311++G(d,p), the most stable structure is the saltbridged isomer TT-SB1, which has an energy 0.30 kcal/mol lower than that of TT-SB2, and 0.12-2.60 kcal/mol lower than the TT-CS1-4 structures. The Gibbs free energy of TT-SB1 at 298 K is also 1.07−5.88 kcal/mol lower than the other five isomers. However, when the single-point energies of these optimized isomers were calculated at a more accurate level of MP2/6-311++G(d,p), their energy priorities were found to be different. Based on this method, the charge-solvated isomer of TT-CS3 is the most stable one, which has an energy of 4.68 kcal/mol and a free energy of 3.61 kcal/mol lower than those calculated for TT-SB1, and TT-CS1 has an energy that is very close to TT-CS3. It is well known that for noncovalent complexes, including H-bonding networks, the use of the M062X functional is more accurate than the B3LYP functional [31] . Thus, all these isomers were further optimized and verified by the method of M062X/6-311++G(d,p). As shown in Table 1 , the results are very similar to the results obtained using MP2/6-311++G(d,p)//B3LYP/6-311++G(d,p). The charge-solvated isomers have lower energies and free energies, and the free energy of TT-CS3 was predicted to be 2.95 kcal/mol more favorable than that of TT-SB1. Single-point energy calculations of these optimized isomers based on MP2/6-311++G(d,p) gave consistent results in which the energy sequence is CS3 < CS1 < CS2 < CS4 < SB1 < SB2. Results obtained with MP2/6-31G(d) Figure 3 are also shown in Table 1 . With the aid of the single-point energy calculation at the higher level of MP2/6-311++G(d,p), the calculations also show that the charge-solvated isomers are more stable than the salt-bridged isomers.
Theoretically predicted IR spectra of these isomers calculated at B3LYP/6-311++G(d,p) and M062X/6-311++G(d,p) levels were compared with the experimentally measured IRPD spectrum (Figures 2 and 4) . Besides the spectrum of CS4, all the predicted spectra are characterized by strong absorptions at 3585 cm −1 (owing to the free COO-H) and 3690 cm −1 (owing to the free CH 2 O-H), which is consistent with the experimental data. However, careful inspection of the relative peak intensities of 3585 cm −1 to that of 3690 cm −1 indicates that the calculation results of CS1-3 agree with the experimental result better than those of SB1 and SB2. All theoretical spectra of the salt-bridged structures predict the strongest peaks at~2950 cm , which is consistent with the predicted spectra of the charge-solvated isomers CS1-3. Although all computed spectra at the B3LYP/ 6-311++G(d,p) level show some strong peaks in the region of 3200−3450 cm −1 , which are due to the symmetric and asymmetric stretches of NH 2 , only weak peaks at 3290 cm −1 were observed experimentally (Figure 2a, b) . However, the predicted peaks of CS3 in this region based on calculations at the M062X/6-311++G(d,p) level show relatively lower intensities, and this result is in better agreement with the experimental results (Figure 4f) .
It is well known that some isomers coexist at 298 K for a variety of hydrogen-bonding complex systems. Moreover, there may be several isomers with very close energies and isomerization readily occurs, whereas particular isomers may be quite stable and coexist. For amino acid complex ions, the charge-solvated and salt-bridged isomers may also coexist under particular conditions. For example, Armentrout et al. showed that [Ser + Cs] + can exist as a mixture of chargesolvated and salt-bridged isomers at 298 K [7] , and experimental results of [Arg + Na] + also showed that the generated ions consisted of 90% salt-bridged structures and 10% chargesolvated structures [23] . However, complex ions generated experimentally using different ionization sources or under different ionization conditions may be quite different [11] . To further investigate this effect, mole fractions W i of the six isomers proposed in Figure 2 were also computed using the respective partition functions within the rigid-rotor and harmonic-oscillator approximation (no scaling factors were used here). With q i being the partition function of the ith isomer, the weight factor W i can be expressed by [32] :
where R is the gas constant, T is the absolute temperature, and ΔH 0,i o is the relative heat of formation at absolute zero temperature of the ith isomer.
The temperature-relative concentration curves of the six isomers in a relative broad temperature region are presented in Figure 5 . Figure 5a shows the calculation results based on the M062X/6-311++G(d,p)//M062X/6-311++G(d,p) level. The isomer TT-CS3, which has the lowest energy at this level, prevails at low temperatures. As the temperature increases, the TT-CS3 mole fraction decreases, but remains the most abundant isomer within 800 K. The concentration of isomer TT-CS1 increases rapidly when the temperature increases from 40 to 200 K. At 300 K, TT-CS1 reaches its maximum mole fraction of 35%, and further increases in temperature lead to a reduction in the concentration of TT-CS1. For both saltbridged isomers, TT-SB1 and TT-SB2, their concentrations at temperatures below 300 K are negligible. At the highest temperature of 800 K, the concentrations of TT-SB1 and TT-SB2 are similar and their total mole fraction is less than 20%. Based on single energy calculation results at the MP2/6-311++G(d,p) level, the mole fractions of these isomers are different, but the trend is very similar (Figure 5b ). However, it should be noted that the experimental IRPD spectrum may not directly represent the ion population. A previous IRPD kinetics study by Prell et al. [21] indicated that different isomers of amino acid Figure 3 complex ions may have different photodissociation behaviors and rapid interconversion between isomers may also occur.
Conclusions
For protonated amino acid homodimers, the zwitterionic amino acid form is gradually more favorable in energy relative to the non-zwitterionic form as the PA of the amino acid increases. The charge-solvated and salt-bridged structures are the energetically favored structures for protonated amino acid homodimers with low and high PAs, respectively. Thr has a PA that is located centrally in the PA list of the 20 natural amino acids and, thus, investigating the structure of Thr 2 H + to identify which structures are energetically more favorable is of broad interest. In this report, by combining IRPD spectroscopy and theoretical calculations, the structures of Thr 2 H + were investigated. Although the salt-bridged structures cannot be excluded unambiguously on the basis of the experimental spectrum, computational results suggest that charge-solvated species are the predominant form. Based on calculations at the M062X/6-311++G(d,p)//M062X/6-311++G(d,p) level, it was revealed that the most stable isomer is TT-CS3, which has a charge-solvated structure and an energy 3.87 kcal/mol lower than the most stable salt-bridged isomer, TT-SB1. The predicted IR spectrum of TT-CS3 was found to be in good agreement with the experimental spectrum over the 2700−3750 cm −1 region. The second most stable isomer identified, TT-CS1, also has a charge-solvated structure, and its calculated IR spectrum is very similar. These structures are different from previous results of serine, which differs only by a methyl group in chemical structure, indicating that side chains play important roles in the stability of different conformers [20] . To evaluate the effect of temperature on the stability of the isomers, the relative concentrations of the six isomers of Thr 2 H + were calculated at different temperatures. The results showed that at 300 K the charge-solvated structures are the dominant species. As the temperature increased, the concentrations of the two salt-bridged isomers increased; however, even at 800 K, the contribution of the salt-bridged isomers was still <20%. 
